Abstract-Inverted pendulum system is a complex, unstable and nonlinear system. In order to make it become an adaptive and robust stable system in control strategy, the mathematical model of linear l-stage inverted pendulum has been established by means of Newton mechanics. The control strategies including classic control methods and modern control methods, such as the PID control algorithm, the pole assignment algorithm and the T-S fuzzy control algorithm.The real-time control results show that the PID control algorithm and the pole assignment algorithm based on the dynamic model have different qualities and characteristic. The structure of PID control is smiple, but the PID controller parameters is more difficult to select, and the overshoot of the system is easy to be increase because of the system strong instability. In addition, the traditional PID control algorithm can only control the pendulum's angle, and can't control displacement. Pole placement method has the better robustness and transient characteristics, but it mainly relies on the experience of engineers to select the desired pole, so it does not have the convenience and simplicity of the PID. The T-S fuzzy controller doesn't need to build an accurate mathematical model of the object, the nonlinear system can be fuzzified into local linera model based on the empirical knowledge. The T-S fuzzy controller reduce the dimension of fuzzy controller and simplify the rules. The real-time control results analysis shows the pendulum and cart position can quickly be stabilized with strong robustness. In real-time control of the inverted pendulum system, car position, car speed and the pendulum angle and angular velocity, etc not only to be considered, but also the state variables, measurement accuracy and sensitivity of the sensor have to consider. So there are a lot of work to do in the real-time control of inverted pendulum system. Index Terms-single inverted pendulum, PID, pole placement method, T-S fuzzy model
I. INTRODUCTION
Inverted pendulum system is a classic nonlinear, multivariable, high speed responsibility, and unstable system. The study of inverted pendulum system can reflects many typical problems effectively, such as nonlinear problem, robustness, stabilization with dynamic and tracking problems, etc. There are many similarities to the rocket flight and robot joints movement, so it can be used to test the ability of the new control methods for dealing with nonlinear and not stability problem by the control research of the inverted pendulum.
Many kinds of control theory of the scheme and control method, such as classical control theory, modern control theory and artificial intelligent control theory and so on are used in the control of inverted pendulum, with the continuous development of control theory. While the problem of establish precise nonlinear mathematical model must be solved both in classical and modern control theory.
In recent years, fuzzy modeling has become a hot spot of the nonlinear modeling study, because classical control method has difficulty to implement the description of the complex system model for lack of sufficient knowledge learning ability [3] . Compared with other nonlinear modeling method, fuzzy model is better for its if-then rules structure, so the structure of the model and the meaning of the parameter physical means are clear and easier to understand; In addition, it can not only use measuring data, but also make full use of language description of the experience of knowledge. There are variety type fuzzy models, and the T-S fuzzy model which report by Japanese Takago and sugeno in 1985 is one of them. The linear equation analysis is used to describe the T-S logical rules in conclusion part. In his way, it's easy to understand and convenient to analyze the control system by the traditional control strategy, so T-S fuzzy model becomes the research focus. Linear 1-stage inverted pendulum is studied as controlled object in this paper. And PID controller, state space pole placement and T-S fuzzy model based on fuzzy controller are designed, and then real-time simulation control research is done to analyze and compare the control effect of these methods.
II. THE SYSTEM MODELING OF LINEAR 1-STAGE INVERTED PENDULUM [1] Ignored the air resistance and all kinds of friction, the linear 1-stage inverted pendulum system can be treated as a system constructed by a cart and a homogeneous rod, as shown in figure 1 . Assuming the quality of the cart as M; the quality of the swinging rod is m; b is friction coefficient of the car; l is the length from the center of the rod rotation axis to the center of quality, I is the inertia of the pendulum rod; F is the force add on the cart; x is the location of the car; ϕ is the angle between the pendulum rod and vertical direction; θ is the angle between the pendulum rod and vertical downward direction; The force analysis of the small car and pendulum rod is shown in figure 2. Where G and H are the horizontal and vertical direction estimates which come form the mutual forces between the cart and the pendulum rod. By force analysis of the small car's horizontal motion, we can get the equation as following:
Through the horizontal movement of the focus of the pendulum rod, we can get the equation as:
It also means:
Take (3) to (1), the equation of motion can be described as:
Considering the force and movement of the pendulum rod in vertical direction, the equation below can be got:
It can be described as:
By the rotation movement around the focus of the pendulum, the equation can be got as follow: H and G will be eliminated through the equation (6) and (7), and then the second move equation can be got: 
By Laplace transformation, equation (9) will be converted to the following form:
While setting zero as the initial condition, forϕ is the output angle, by solving the first equation of (10), the following result will be got: 
Put (13) into the second equation of (10), there is
The form of (14) can be simplified as: 
Then the equation of state space can be described as:
Then the first equation can be got from (9) ( )
For the homogeneous rod, there is So following equation can be got: 
Ⅲ. DESIGN AND REAL-TIME SIMULATION STUDY OF THE CONTROLLER
A. PID Controller PID controller is a controller whose control variables are made of system error ratio (P), integration (I) and differential (D). And its transfer function is:
The experiment trail-and-error way is used in tuning the parameter of PID.
For the inverted pendulum system, the rod angle is the controlled parameter, and the balance situation is pure vertical, and its control system chart is show in figure 3 , where input r(s)=0。 Figure3 The control system structure of linear 1-stage inverted pendulum
Taking into account the input r (s) = 0, Figure 3 can be simplified to figure 4.
After repeated experiments, the PID parameters are adjusted as Kp=20, Ti=10, Td=10, and the real-time control system of linear 1-stage inverted pendulum which is showed in figure 5 can be setup by MATLAB/Simulink. It can be proved by the figure 5 that the angle of the pendulum rod can be controlled efficiently in this way. If an extra disturbance is gave to the pendulum rod, then the curves of the cart location and pendulum rod angle are showed in figure 7: Figure 7 Inverted pendulum real-time control result of PID（with interference） Figure 7 shows that the system can get the balance point soon when there are interferences exist, and it means PID controller has a good anti-interference capacity.
B. Design of the Controller based on State Space Pole Placement
The relationship of input-state-output is described by state space description in modern control theory. It can reflect not only the external characteristic of the input and output, but also the inner structural characteristics of the system. It is an effective analysis and synthesis method in linear time-invariant system and linear system of time varying. At the same time, it can be used in SISO system and MIMO system. Pole Placement is the commonly used method in design of state feedback control system. If the controlled object system is completely controllable, the state space pole allocation method can be used to set the poles of the closed-loop system to any position through a state feedback gain matrix. The pole allocation schematic diagram of the inverted pendulum is as figure  8 .
It can be proved that the system is controllable. 
The real time control simulation system of the inverted pendulum pole allocation is showed in figure 9. Figure 9 The real time control simulation system of the inverted pendulum pole allocation And its control result is showed in figure 10 . Fig.10 The real time control result of the inverted pendulum pole allocation
It can be seen from figure 10, the system can keep balance in small area ,not only does it can realize the cart position control, but also the control of the pendulum rod angle, and both of them can get good control effect.
Give some interference to the inverted pendulum, its control result is as figure 11. It can be know from figure 11, if the disturb was put to the pendulum rod in the control process, the system will respond quickly and get to the balance soon, the respond time is about 4 seconds.
The experimental results proved that the state pole allocation method can be used in the control of MIMO system. If the system is completely controllable, then the closed loop poles can be set to the expected position by the choice of a good state feedback matrix. At the same time, there are some errors between linearization of the mathematical model and the actual system, so there will be some errors between the actual control curve and the ideal control curve. Although the stability of the small
cart and the angle of the pendulum rod can be controlled, the system keeps stay in the dynamic balance process.
C. Fuzzy Control based on T-S Model
T-S model is a fuzzy model which fit to express complex nonlinear system. The conclusion of the T-S model adopts linear equation description partly, so it is easy to design the controller and analysis the control system by the traditional control strategy [4] [5] [6] . 
is the i fuzzy rule; The control theory of the inverted pendulum based on T-S model is as figure 12. The output rule is: 
. Each input variable chooses two language values, so the fuzzy controller has 16 fuzzy rules (omit).
Collect the input and output measurement data based on state space pole control in real time, the consequent parameters can be got. In recent years, neural networks have been widely used for its strong ability of learning. According to the characteristics of the T-S fuzzy reasoning, it makes the mathematical model into a network structure, and creates an adaptive neuro-fuzzy system.
Adaptive fuzzy neural network, based T-S model, is a multilayer feedforward network. It is composed by antecedent network and consequent network [7] . The former parts of the network used to match the antecedent of the fuzzy rules and the latter part generate the consequent of fuzzy rules. The antecedent network consists of five layers and the latter parts of the network consists of r parallel sub-networks.
The consequent parameters are showed in table 1 [8] . The real time control simulation system of the inverted pendulum T-S model based on MATLAB is showed in figure 13 . Its simulation control results as figure 14. It can be seen from the control result, the system has good dynamic characteristics and steady state performance.
Give some interference to the inverted pendulum, its control result is as figure 15. The linear 1-stage inverted pendulum is adopted as the research object in this paper, and the classical control method, modern control method and intelligent control method is studied on it respectively. The real-time control results analysis shows PID control can prevent the overshoot very well, and state space pole placement method can make the system have a good dynamic performance and steady state performance, in the three control methods. While fuzzy control method based on T-S model doesn't need an accurate mathematical model of the object, the model structure is easy to understand and fuzzy model can also be got from the measuring data, besides empirical knowledge, so it provides a new idea for the control of nonlinear system. 
